Objective. We compared differences in the hospital charges, length of hospital stay, and mortality between patients with healthcare-and community-associated bloodstream infections, urinary tract infections, and pneumonia due to antimicrobial-resistant versus -susceptible bacterial strains.
Increasing rates of various resistant organisms associated with both healthcare-associated and communityonset infections are being reported worldwide [1] [2] [3] [4] [5] . For example, the US incidence of community-onset methicillin-resistant Staphylococcus aureus (MRSA) increased by >5-fold between 2000 and 2007 [6] . The costs of avoiding the spread of resistance are generally obvious and are directly and immediately incurred. The benefits, on the other hand, may be imprecise, require sustained, long-term efforts, and are frequently experienced by third parties who are unaware that they have benefited from an earlier costly decision. This externality may result in underinvestment in activities that reduce the spread of antimicrobial infection.
In a recent meta-analysis, we reviewed the incremental costs associated with antimicrobial-resistant infections compared with antimicrobial-susceptible strains, but studies varied widely in design, and cost estimates ranged from approximately −$27 000 to $127 000 [7] . Estimates varied in part because of small sample sizes, single site studies, and inadequate control for important confounders, such as severity of illness, device utilization, and length of hospital stay prior to infection.
This study aimed to estimate the additional hospital charges, length of stay, and mortality associated with healthcare-associated infections (HAIs) and community-associated infections (CAIs) among patients with antimicrobial-resistant versus -susceptible bacterial strains across a range of infections in a sample of >310 000 patient discharges from 4 hospitals. Death has a high societal cost, but does not increase costs incurred by a hospital. To address this possible divergence between social and hospital costs, we also estimated models that censor patients who die in the hospital.
METHODS

Data Collection
Data were extracted for 3 years (2006-2008) from various electronic databases from 4 sites in a large healthcare system in metropolitan New York City-the New York-Presbyterian Hospital (NYPH) System, which includes a community hospital, a pediatric hospital, and 2 tertiary/quaternary care hospitals that provide care to a diverse range of patients.
Data were compiled on (1) laboratory reports, including microbiologic results from blood, urine, and respiratory cultures; (2) patient location, including hospital unit and presence of roommates; (3) detailed accounts of medications administered and procedures performed; (4) financial information for each discharge, including total charges and itemized charges by date; and (5) device utilization. Patient information was linked across the multiple datasets using the patient's unique medical record number and date/time stamps associated with source data.
To define the type of infection, the causative organism, and its antimicrobial susceptibility pattern, a team of clinicians and researchers developed electronic algorithms to identify hospital stays with any of 3 types of infections: bloodstream infection (BSI), urinary tract infection (UTI), and pneumonia. We used the surveillance definitions from the Centers for Disease Control and Prevention National Healthcare Safety Network (http://www.cdc.gov/nhsn/about.html) for HAI to identify elements of infections that could be mapped to available electronic data. Recognizing the limitations of infection definitions utilizing electronic data only, we categorized patients into 3 groups: infected, noninfected, and uncertain (Supplementary Data), which allowed us to exclude patients with uncertain infection status to limit bias due to misclassification. We used a combination of microbiologic results, clinical symptoms, urine microscopy results, and International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) diagnosis codes to identify patients with an infection with the causative organism [8, 9] .
We focused our analysis on the following 6 organisms known to frequently cause antimicrobial-resistant infections in the United States [10, 11] : Staphylococcus aureus, Enterococcus faecalis, Enterococcus faecium, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter baumannii. We defined HAIs as those occurring after the patient's third day in the hospital, and CAIs as those occurring on or before the patient's third hospital day without a history of previous hospitalization in the previous 30 days. Because some HAIs can manifest for up to 30 days following exposure [12] , patients with infections within the first few days of hospitalization who were hospitalized in the study institution within the previous 30 days were categorized as HAIs associated with the previous hospitalization. Definitions of antimicrobial resistance for each organism are summarized in Table 1 . We aimed to capture a spectrum of antimicrobial resistance, from the more common to the less common, and encompassing resistance occurring in the community as well as in the hospital.
The availability of date and time stamps made it possible to separate time-varying factors into pre-and postinfection components. The dependent variables were hospital charges, length of stay, and death in the hospital, all measured postinfection. Covariates fell into 3 broad categories: patient demographics, factors present at admission, and factors arising during the hospital stay but prior to the onset of the infection. Factors present at admission included prior hospitalizations, diabetes, chronic dermatitis, trauma, wounds, burns, stay at a skilled nursing facility, renal failure, and history of substance abuse. ICD-9-CM diagnosis codes for conditions present on admission were used to calculate a weighted Charlson score as a measure of patients' health status. Measures of risk of mortality and severity of illness based on output from 3M's Grouper software was also included [13] . Factors arising during the hospital stay included medications, central venous catheterization, urinary catheterization, mechanical We first imputed whether a patient received any of the 3 interventions by multiple imputation with chained equations, using all other available variables in the data set as predictors. We then imputed the start date and duration of these interventions by hotdeck imputation where "donors" had the same length of stay and similar predicted start day and duration [9] .
Analysis
We conducted our analysis using multiple linear regression, with separate analyses for HAI and CAI. We separately regressed each of the dependent variables against an indicator variable for whether the organism causing infection was resistant or susceptible to antimicrobial drugs. All models controlled for patient demographics (sex and 5-year dummy variables for age), risk factors present at admission, and preinfection risk factors that arose during the hospital stay. Because CAIs by definition occur prior to hospitalization, we did not control for risk factors that arose during the hospital stay. We included indicator variables for each body site, each organism, each hospital, and each year-month (to control for seasonality), and controlled for the day number of the hospital stay on which the infection occurred. Linear regression results may not reflect the full social costs of an infection, because patients with infections may die in the hospital, and charges and days in hospital do not accrue postmortem. Hence, we also estimated censored regression models that censored charges and length of stay for patients who died.
Although we controlled for a wide range of potential confounders, our regression models assumed a linear relationship between these variables and the outcomes. To allow for a more flexible relationship, we also performed nearest neighbor matching using propensity score estimates. To implement this, we obtained an estimate of the propensity score by estimating the probability that a patient acquired an infection using a discrete time hazard model that allowed for time-varying covariates and a flexible baseline hazard, where the unit of analysis was the patient-day. We included the same covariates in our linear regression model in the estimates of the propensity score. We then matched each patient with a resistant infection to a patient with a sensitive infection using the closest propensity score among those with the same organism of interest, body site, and day in hospital on which the infection occurred. Using the sample of matched resistant and sensitive observations, we performed the same linear and censored regressions. We clustered standard errors on the patient since multiple patients with a susceptible infection could be matched to the same patient with a resistant infection. An appendix (available upon request) describes this procedure in more detail and also shows diagnostic tests for assessing match quality, which was acceptable at high standards. All analyses were conducted using Stata software, version 12.0 (StataCorp, College Station, Texas). Table 2 shows summary statistics for HAI and CAI, demonstrating that patients with resistant infections had considerably higher charges, days in the hospital, and likelihood of death compared to those with susceptible infections. However, patients with resistant infections also appeared to be higher-risk patients prior to the onset of the infection, as evidenced by higher Charlson comorbidity score, for example. Furthermore, patients with resistant HAI generally had more procedures done and higher charges prior to the onset of the infection, highlighting the importance of controlling for these risk factors. Table 3 presents the main estimates of the difference in postinfection charges, length of stay, and death from having a resistant HAI relative to a sensitive HAI. In a simple mean comparison without adjusting for risk factors, patients with resistant infections experienced a statistically significant increase in charges of >$70 000, length of stay of 7 days, and probability of death of 0.11. These estimates, however, do not account for the fact that patients with more resistant infections may be more likely to experience worse outcomes for other reasons. The next column shows linear regression results that adjusted for the confounding variables described above; the estimates become much smaller and, in some cases, statistically insignificant. Patients with resistant infections experienced roughly $8000 more in charges and just over 1 extra day in the hospital, though these differences are not statistically significant. In the next column, which uses nearest neighbor matching based on the propensity score, estimates are slightly larger than those from the linear model, and now statistically significant for charges.
RESULTS
The results presented so far do not account for the fact that the outcomes of patients who die in the hospital are by definition censored. The next panel in Table 3 repeats the same set of results but using censored models, and the results become much larger and more likely to be statistically significant. For example, the linear regression results suggest that patients with resistant infections experienced charges that were >$15 000 higher and stayed almost 2 days longer than patients with sensitive infections, with both estimates statistically significant. The propensity score estimates are again slightly larger than the linear regression estimates. Table 4 shows the same set of results as Table 3 except it focuses on CAI. The results generally show a similar pattern as in Table 3 , with adjusted estimates smaller than the unadjusted estimates, propensity score estimates slightly larger than the linear regression estimates (though estimates in the linear model are now statistically significant), and censored estimates larger than uncensored estimates. The impact of resistant infection on charges and length of stay is generally larger for CAI compared to HAI. For example, in the linear censored model, patients with resistant infections experienced additional charges of nearly $31 000 and slightly more than 3.5 extra days in the hospital, both roughly twice as large as the HAI estimates. Table 5 shows estimates by type of organism and body site for HAIs, focusing only on the models that use linear adjustment for covariates. In the uncensored models, none of the resistant infections caused by specific organisms or body site were associated with significantly greater charges or length of stay, except for charges for vancomycin-resistant Enterococcus (VRE). Death rates were significantly higher for HAI caused by resistant Enterococcus species or K. pneumoniae as well as pneumonia and UTI. Estimates from censored models yield statistically significantly higher charges and length of stay for resistant infections for Enterococcus species, K. pneumoniae, pneumonia, and UTI. Table 6 shows analogous results for CAI. Excess charges for CAI VRE infections were particularly high-$69 100 higher Linear and matching models adjusted for sex; age 5 years; year and month; hospital; organism infection site; prior hospitalization; diabetes; chronic dermatitis; trauma; wounds; burns; prior stay in a skilled nursing facility; renal failure; history of substance abuse; having ≥1 hospital roommate; Clinical Classifications Software categories (Agency for Healthcare Research and Quality); and day of hospital stay on which the infection occurred. Matching model uses nearest neighbor matching based on propensity score estimates with replacement after exact matching on organism of interest, body site, and day in hospital on which the infection occurred. Censored models using death as the censoring variable, hence probability of death models cannot be estimated. Community-associated infections were defined as those diagnosed within first 3 days of hospitalization in patients who had not been hospitalized in the previous 7 days.
Abbreviation: CI, confidence interval.
than sensitive Enterococcus infections. Patients with community-associated BSI or UTI with a resistant strain also had significantly higher charges. Length of stay was significantly longer for patients infected with resistant Enterococcus species, P. aeruginosa, and UTI as well, and probability of death was significantly higher for resistant BSI. Censored estimates are again considerably higher and more precise, though there is generally no difference in statistical significance.
DISCUSSION
While there is no paucity of research regarding the costs of antimicrobial resistance, and there is general agreement that resistance is often associated with higher utilization costs, longer hospital stays, and increased mortality [7, 14, 15] , more robust methodologies and data are needed to better understand the health and economic consequences of resistance [16] [17] [18] . This current study adds to knowledge about costs of antimicrobial resistance in several important ways. We applied enhanced analytic strategies to improve the methodological rigor of the study. We developed a rich database using administrative data to account for a wide range of confounders including several risk indices and number of device days for central lines, urinary catheters, and mechanical ventilation; examined both CAI and HAI; and focused on several organisms. As Table 1 shows, subjects with resistant infections are more likely to have other risk factors that increase their charges, length of stay, and probability of death. Not surprisingly, the unadjusted models significantly overstate the impact of resistant infections. The adjusted models, which account for the fact that patients with resistant infections have more risk factors than patients with sensitive infections, yield considerably smaller estimates. We also used nearest neighbor propensity score matching to more flexibly control for confounders, but this did not change estimates appreciably. To our knowledge, we are also the first researchers to investigate censored charges and length of stay for those who died, which yielded considerably higher estimates since it also captures societal costs from resistant infections. Consistent with previous findings, our results from all models indicate that resistant infections lead to generally higher charges and length of stay for both HAIs and CAIs.
Adoption of cost-effective programs to reduce antimicrobial resistance has not reached an efficient level, perhaps because of mismatches between private and social costs from infection: hospitals bear all the costs for these programs but may not accrue all of the benefits. One source of mismatch is the fact that a hospital only incurs costs while a patient is alive. Thus, although reducing infection-related death has a great benefit for patients, it can increase, rather than reduce, hospital costs. In this study, we found that patients with resistant infections were more likely to die in the hospital. These earlier deaths offset the higher costs hospitals incur to treat resistant cases while they are alive. Once we adjusted for this higher risk of death, the estimated impact of resistance increased costs by roughly 20%-60% compared with estimates that do not make this adjustment. Thus, the increased probability of death among patients with resistant infection dampens the financial incentive hospitals have to make costly investments aimed at avoiding resistance. This suggests that a hospital administration focused only on the bottom line would see few advantages to targeting resistant infection as a priority, even though our results also showed that these patients incur much higher costs while they are alive and are more likely to die.
Costs of Resistance by Organism and Body Site
Studies from the United States, the Netherlands, Spain, and Germany have reported that MRSA infection adds significant incremental hospital costs [19] [20] [21] [22] [23] [24] , but a small, single site study using propensity score matching reported that methicillinresistant BSIs when compared with methicillin-susceptible S. aureus did not independently increase costs or length of stay [25] . Findings of significantly increased costs have been reported for VRE versus vancomycin-susceptible enterococcal BSIs [26] and for resistant Escherichia coli [27] [28] [29] . We find hospital charges and length of stay are generally driven by the organisms Enterococcus species and P. aeruginosa and by body sites BSI and UTI. Similar to the results combining organisms and body site, estimates again are considerably larger and more likely to be statistically significant when estimating censored regression models.
Limitations
Although our regression models control for a wide range of risk factors, it is possible that residual confounding remains. Because the use of electronic health records limited the ability to obtain data on symptoms, our definitions were primarily based on laboratory results. Hence, it is also possible that some of our definitions reflected colonization rather than clinical infection; nevertheless, our cost estimates are likely to be conservative. Finally, some of our stratified analyses had smaller sample sizes, making Type II errors possible.
Next Steps
Despite the fact that cost estimates of resistance differ across studies, there is growing evidence that resistance causes a number of untoward effects, including increased costs and antimicrobial resistance. These costs are often borne by thirdparty payers, but changes in the reimbursement policies from the Centers for Medicaid and Medicare are likely to result in hospitals bearing a larger proportion of these costs [30] . Several strategies have been recommended to address this problem; the most common include antimicrobial stewardship programs [31] [32] [33] [34] [35] and active surveillance or screening for resistance at hospital admission or intermittently for patients at high risk of developing a resistant infection [36] [37] [38] . Results to date, however, have been equivocal and/or slow in coming [39] [40] [41] , possibly because of failure to fully adhere to and implement these practices. Nevertheless, it may be prudent for each care setting to engage in more judicious antimicrobial prescribing to minimize the risk of resistance, and implement real-time barrier precautions to prevent cross-transmission once resistance has emerged.
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